The thermal performance of Fe-(12-14)Cr-2W-0.3Ti-0.3Y 2 O 3 ODS reduced activation ferritic steels, which are considered as candidate first wall materials for the future fusion power reactors and were manufactured by mechanical alloying in hydrogen and hot isostatic pressing, was assessed by high heat flux (HHF) testing with the electron beam JUDITH facility at the Forschungszentrum Jülich (FZJ), Germany. An analysis of the microhardness and microstructure of the specimens was done before and after HHF tests.
Introduction
Oxide dispersion strengthened (ODS) reduced activation ferritic (RAF) steels appear as promising materials for application in fusion power reactors up to about 750°C [1] [2] [3] . One of the major issues in the development of ODS RAF steels for first wall application is their thermal shock resistance. The electron beam high heat flux (HHF) JUDITH facility with an operating power of 60 kW is a well-adapted instrument for this kind of investigation and is, due to its location in a hot cell, also suitable for the testing of neutron-irradiated materials [4] . It is operating in a scanning mode with a scanning frequency in the GHz range in x-and y-directions and has a beam diameter at full width half maximum of $1 mm. With regard to the fact that the energy absorption coefficient for electrons depends on the material and decreases with increasing Z-number, power densities in the GW/m 2 range can be applied on a correspondingly small area of typically 4 Â 4 mm 2 . The plate supporting the tungsten tiles in the European dualcoolant lithium-lead (DCLL) breeding blanket concept and the cartridge within the finger-like parts of the European He-cooled diverter concept [5] are presently foreseen to be made of ODS EUROFER [6, 7] . In fusion power reactors these plasma facing components will have to withstand very high heat fluxes up to about 10 MW/m 2 as well as transient heat load events. The use of ODS RAF steels with a higher creep strength up to about 750°C and a reasonable fracture toughness at ambient and intermediate temperatures will provide these components with additional integrity margin and lifetime. This work aimed at investigating and comparing the thermal shock response of two different Fe-(12-14)Cr-2W-0.3Ti-0.3Y 2 O 3 ODS RAF steels, which were prepared by mechanically alloying elemental powders with yttria nano-particles in a hydrogen atmosphere followed by canning, degassing and Hot Isostatic Pressing (HIPping), by using the HHF JUDITH facility.
Experimental procedure
Two kinds of Fe-(12-14)Cr-2W-0.3Ti-0.3Y 2 O 3 ODS RAF steels (in weight percent) were prepared by mechanically alloying elemental Fe, Cr, W, and Ti powders with 0.3 wt.% Y 2 O 3 nano-particles in a hydrogen atmosphere and HIPping at 1150°C for 4 h. Then, specimens with a size of Ø10 Â 5 mm 3 were prepared for HHF tests. More detailed information about sample preparation is reported elsewhere [8, 9] . The specimen surface was mechanically polished by SiC abrasive papers using a final grit of 1000. The microstructure of the specimens was studied using Optical Microscopy (OM) and Transmission Electron Microscopy (TEM In the case of the 14Cr ODS steel single shots with different energy densities were applied. The same energy densities were applied onto the 12Cr material in one or 10 shots. Post-HHF testing characterisation was conducted by means of OM and profilometry.
Results and discussion

Microstructure examination of the specimens
Chemical compositions of the steels are reported in Table 1 . Apart from the Cr and carbon contents the amounts of other elements are almost the same in both ODS RAF steel materials. 12Cr specimens exhibit slightly lower microhardness values (360 ± 17 HV 0.1 ) than 14Cr specimens (370 ± 13 HV 0.1 ), probably due to the lower chromium content and the slightly lower density exhibited by the former material (7.75 g/cm 3 for 12Cr specimens with respect to 7.78 g/cm 3 for 14Cr specimens). Note that the measured density values are more than 99.2% the theoretical density (7.82 g/cm 3 ).
OM and TEM images of the 12-14Cr ODS steels are shown in Figs. 1 and 2, respectively. In general, the microstructure of both consolidated materials is similar and consists of ferrite (a-Fe, bcc) with a bimodal distribution of coarse grains, a few micrometers in size ( Fig. 2a and b) , and smaller ones, about 100-500 nm in size (see Fig. 2c ). The coarse grains are almost dislocation-free, while the smaller ones contain a higher number density of dislocations. This kind of bimodal microstructure results from the HIPping process and has been also observed by Kishimoto et al. [10] , for instance. Oxide and carbide impurities (about a few hundred nanometers in size) and a high density of Y-Ti-O nano-clusters with an average size of about 5 nm are also observed in both kinds of steel (Fig. 3) . Slightly larger nano-clusters are present in the 12Cr ingots (see Fig. 3a ). Also, it should be emphasised that after HIPping residual porosity was seen in both materials. The pores were located preferentially at the grains boundaries of prior particles.
Tensile properties of the 12Cr and 14Cr ODS steel at room temperature and 750°C are summarised in Table 2 . Detailed description of tensile test is in Ref. [9] .
In general, from the results presented in Table 2 it can be seen that there are no important differences in the mechanical properties of both ODS RAF steels. However, the 14Cr ODS material exhibits slightly higher ultimate tensile strength and yield strength but lower elongation values at room temperature and at 750°C than the 12Cr alloy. It is well known that the higher the strength of material the easier the crack initiation and propagation after thermal shock experiment [11] . Since the tensile strength of the 14Cr ODS steel is higher and its elongation is lower than those of the 12Cr material, one may expect worse thermal properties for this alloy. were applied onto the 14Cr material through single shots, accounting for a determined electron absorption coefficient of 0.68. The same energy densities were applied onto the 12Cr material in one or 10 repeated shots. For comparison of both ODS alloys, 10 shots were also applied onto the 14Cr material, with total energy density of 1 MJ/m 2 . All thermal response data are presented in Table 3 . This has been done since the thermal response after one (single) shot was found to be similar for both 12-14Cr ODS materials. This is also resulting from the similarity in the thermal conductivity (k) values that have been calculated from the specific heat, the thermal diffusivity (presented in Table 4 ) and the density of the specimens.
Since the thermal conductivity has, besides the mechanical properties (yield and tensile strength), the strongest influence on the thermal shock behaviour and is responsible for the established thermal gradient in the materials, similar thermo-shock behaviours were found (compare images in Fig. 4) . Therein the comparison of the ODS materials after applying 10 shots at 1.0 MJ/m 2 shows that the material response, not only from the temperature point of view but also from its microscopic appearance, is more or less identical for both materials. This fact, that the microstructure of both tested ODS materials after applying the same heat flux conditions is similar, offered the possibility to explore the materials in more detail. This comprises not only the onset of melting but also the evolution with repeated 10 shots (this is especially interesting for those loads where no effect had been found after the first shot).
The onset of melting occurs for an energy density between 1 and 1.5 MJ/m 2 . For energy densities below the melting threshold only some kind of thermal etching of the material takes place (Fig. 5a) , which highlights the material microstructure, i.e., the grain size and distribution. This material etching becomes more pronounced with increasing the number of shots. During melting the material exhibits enhanced bubble formation, leading to a peculiar surface structure in the centre of the loaded area, as shown in Fig. 5b . The analysis of the cross section ( pyrometer data recorded with an IR-emissivity of ''1" -recalculation of the emissivity according to the observed onset of melting of the loaded material (emissivity between 0.15 and 0.2 due to darkened observation window). exposure during the thermal shock. It seems that in the case of both ODS materials the yield strength is high enough to avoid plastic deformation of the specimens before reaching the melting point.
Some remaining part of the stainless steel can (grade 316L) used for the HIPping process, in which the powder was degassed and closed, was found on the top surface of a specimen of the 12Cr ODS steel. Thus, a comparison of the thermal resistance of the 316L stainless steel and the developed ODS material to HHF at 2.0 MJ/m 2 was possible. In Fig. 7a it is shown that half of the loaded spot was situated in the stainless steel (left) and half of it in the ODS material (right). Significant differences can be seen between both areas, which become more apparent at higher magnification (Fig. 7b) . The thermally etched part refers to the ODS steel, while the adjacent plastically deformed area refers to the stainless steel. The affected areas, in terms of length and depth are equivalent for both materials (Fig. 8) , indicating an identical thermal conductivity. The differences resulting in plastic deformation and heavy crack formation in the stainless steel (Fig. 8 , in which the white area represents the stainless steel part) are therefore only related to the mechanical material properties which are, as expected, superior for the ODS material.
Conclusions
Two ODS RAF steel grades with 12 and 14 wt.% Cr were fabricated by mechanical alloying and HIPping and exposed to single and multiple (10Â) transient thermal loads between 0.75 and 2.0 MJ/m 2 for 5 ms, typical of nuclear fusion devices. Besides slight differences in the mechanical properties, which may suggest that the material with lower yield strength (higher elongation) may have better thermal properties, both ODS materials show similar thermal conductivity and thermal shock behaviour with a melting threshold between 1.0 and 1.5 MJ/m 2 . Below this threshold the materials exhibit a modification of the exposed surface similar to thermal etching, which becomes more pronounced under multiple loads. No crack damage was observed at the surface of the ODS steel specimens. Thermal loads above the melting threshold lead to material movement from the centre to the boundary of the loaded area and therefore to the formation of a crater. Furthermore, bubble formation occurs related to columnar recrystallization in the molten and re-solidified material. In contrast to 316L stainless steel the two ODS grades show neither plastic deformation nor crack formation, in relation to their higher mechanical strength.
Finally, it is important to emphasise that there are no significant differences in the microstructure and thermal shock response between 12Cr and 14Cr ODS ferritic steels and both ODS alloys do not form cracks under the applied loads which is, compared to other potential plasma facing materials, with respect to first wall applications especially tungsten or tungsten coatings, a significant improvement. Furthermore, for regions with first wall temperatures above the melting temperature of the ODS steels, they may also act as substrate for tungsten coatings, knowing that in case of the accidental loss of the coating the material can withstand the applied power loads for a certain time. 
